We report the first comprehensive study of the high temperature form (α-phase) of iron disilicide. Measurements of the magnetic susceptibility, magnetization, heat capacity and resistivity were performed on well characterized single crystals. With a nominal iron d 6 configuration, and a quasi-two dimensional crystal structure that strongly resembles that of LiFeAs, α-FeSi2 is a potential candidate for unconventional superconductivity. Akin to LiFeAs, α-FeSi2 does not develop any magnetic order, and we confirm its metallic state down to the lowest temperatures (T =1.8 K). However, our experiments reveal that paramagnetism and electronic correlation effects in α-FeSi2 are considerably weaker than in the pnictides. Band theory calculations yield small Sommerfeld coefficients of the electronic specific heat γ = Ce/T that are in excellent agreement with experiment. Additionally, realistic many-body calculations further corroborate that quasi-particle mass enhancements are only modest in α-FeSi2 . Remarkably, we find that the natural tendency to vacancy formation in the iron sublattice has little influence on the iron valence and the density of states at the Fermi level. Moreover, Mn doping does not significantly change the electronic state of the Fe ion. This suggests that the iron valence is protected against hole doping, and indeed the substitution of Co for Fe causes a rigid-band like response of the electronic properties. As a key difference from the pnictides, we identify the smaller inter-iron layer spacing, which causes the active orbitals near the Fermi level to be of a different symmetry in α-FeSi2. This change in orbital character might be responsible for the lack of superconductivity in this system, providing constraints on pairing theories in the iron based pnictides and chalcogenides.
I. INTRODUCTION
The newest class of unconventional superconductors with transition temperatures as high as 55 K has stimulated the exploration for new Fe-based materials. Two main groups of materials may be distinguished: systems like LaFeAsO and BaFe 2 As 2 [1] , where superconductivity appears in the vicinity of the disappearance of magnetic order and is tunable by doping or external pressure, and stoichiometric systems like LiFeAs [2] where superconductivity is the ground state. The latter compound has a quasi-two dimensional crystal structure, where square nets of Fe atoms are tetrahedrally coordinated with As ions, while Li ions are placed between the Fe-As sheets. There is no evidence for magnetic order in LiFeAs, although pronounced antiferromagnetic correlations were observed in the normal state [3] , where the electronic configuration of iron ions is close to d 6 . For a long time only Fe-based compounds with pnictogens or chalcogenides have been found to reveal high-temperature superconductivity, but the recent finding of superconductivity in YFe 2 Ge 2 , believed to be in the proximity of an antiferromagnetic quantum critical point [4] , increases the interest in tetralide containing intermetallics, based on the elements Si, Ge, Sn, and Pb.
In this report we focus on just such a system, α-FeSi 2 , which is very similar to LiFeAs from the structural and electronic point of view. α-FeSi 2 is the most iron deficient phase in the Fe-Si binary phase diagram [5] , existing in two different allotropes. The orthorhombic form, β-FeSi 2 , is stable at room temperature and was characterized as a wide gap semiconductor [6] . In contrast, the much simpler tetragonal structure, α-FeSi 2 , is metallic and only stable above 965 o C. α-FeSi 2 can, however, be studied at room temperature and below by quenching the material from high temperatures, and a few crystal structure [7, 8] , magnetic susceptibility [9] , heat capacity [10] , and Mössbauer spectroscopy [11, 12] measurements carried out on a variety of single crystal and polycrystalline samples exist. However no detailed single-crystal study has been performed to date. In view of the metastable nature of α-FeSi 2 , it is crucial to obtain a complete suite of experiments carried out on single crystals where the structure and morphology are well explored and reproducible. This is the aim of the present work. Our results confirm that α-FeSi 2 is an excellent metal with minimal electronic correlations, consistent with a nonmagnetic d 6 configuration for the Fe ions. A complete investigation of the crystal structure has been carried out using single crystal X-ray diffraction, finding that there are substantial numbers of Fe vacancies, reflected in the obtained composition Fe 0.83 Si 2 . A wide range of Fe deficiency was previously observed for this compound [13] . Electronic structure calculations were carried out for both stoichiometric α-FeSi 2 and an iron deficient supercell Fe 0.875 Si 2 , which is close to the actual compo-sition. We find that the density of states at the Fermi level, N (E F ), is essentially the same in both cases. Moreover, the theoretical Sommerfeld coefficient is in excellent agreement with the measured results obtained from electronic heat capacity, γ = C e /T . Dynamical mean field theory (DMFT) [14] calculations corroborate that correlation effects do not play a significant role in this material. Similarly, we find experimental evidence for the robustness of the electronic properties against hole doping, whereas introduction of electrons increases strongly both the magnetic susceptibility and the Sommerfeld coefficient, providing evidence of an increase in the number of states at the Fermi level.
II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
Single crystals of pure and doped α-FeSi 2 were prepared using a Ga flux, and flat plate-like crystals with approximate dimensions of 5 × 5 × 0.1 mm were obtained by quenching the melt from 980 o C. The crystal structure was determined at room temperature using crystals with approximate dimensions of 0.05 × 0.2 × 0.2 mm 3 using a Bruker Apex-II single crystal diffractometer with Mo-Kα radiation. Refinements of these data were carried out using the programs Jana and Superflip [15] .
Measurements of the magnetization m were carried out in temperatures T ranging from 1.8 to 400 K and in magnetic fields B as large as 7 T using a Quantum Design Magnetic Properties Measurement System (MPMS) on a co-aligned collection of approximately 20 mg of crystals that were wrapped in gold foil. Electrical contacts were made to the crystal using silver-filled epoxy in the fourprobe configuration, and electrical resistivity ρ measurements were performed for temperatures from 1.8 -300 K in a Quantum Designs Physical Properties Measurement System (PPMS), where the 1 mA current flowed in the a-b plane. Heat capacity C p measurements were also carried out from 1.8 -300 K using a PPMS.
Using our experimental atomic positions, electronic structure calculations were performed within the local density approximation (LDA) as implemented in wien2k [16] for both stoichiometric α-FeSi 2 and the supercell Fe 7 Si 16 , which is close to the actual composition Fe 0.83 Si 2 . Realistic many-body calculations were performed in the LDA+DMFT framework of Ref. 17 . For the Hubbard interaction and the Hund's rule coupling, we employed the values U = 5eV and J = 0.7eV that were proven to be reasonable for Fe-pnictides [18, 19] and other iron silicides [20] . To allow for a direct comparison with the pnictide LiFeAs, all theoretical calculations of α-FeSi 2 were done in a √ 2 × √ 2 non-primitive cell with 2 Fe atoms. 
III. RESULTS AND DISCUSSION
Energy Dispersive X-ray Analysis (EDX) measurements of the single crystals revealed that the chemical composition is Fe 0.83(1) Si 2 . No impurities or contaminant phases were detected. The results of single crystal X-ray diffraction measurements are shown in Table I . The centrosymmetric space group P 4/mmm was confirmed with lattice parameters a = b=2.6955Å and c = 5.1444Å, in good agreement with previously reported values obtained from polycrystalline samples [7, 8] . A Rietveld refinement of the single crystal X-ray data yielded the composition Fe 0.832 Si 2 , consistent with EDX results. The crystal structure of α-FeSi 2 is compared to that of LiFeAs in Fig. 1 . It consists of square Fe-deficient planes with the Fe-Fe spacing d F e−F e = a = 2.6955Å and interplanar distance c = 5.1444Å. Both d F e−F e and c are similar to values found in the superconducting iron pnictides, and especially in LiFeAs, where d F e−F e = a = 2.6809 A and c = 6.3639Å (Fig. 1b) [2] . The Fe-Si distance, d F e−Si =2.35Å and is comparable to the equivalent quantity in LiFeAs, d F e−As =2.416Å whereas both ligand-Fe-ligand angles Φ(F eSi 2 ) = 107.76 o and Φ(LiF eAs) = 102.793 o are lower than the optimal value of 109.5
o [21] . The smaller interlayer separation in α-FeSi 2 may result from the lack of alkali metal ions separating the p-metalloid layers. The temperature dependencies of the molar susceptibilities, χ = m/H, of α-FeSi 2 , measured with a 1 T field along the a and c axes, are shown in Fig. 2a . Both curves reveal a weak temperature dependence with Curie-Weiss like tails developing below 100 K and linear increases in χ(T ) above this temperature. In particular, there is no suggestion of magnetic order below room temperature. These results are qualitatively consistent with data previously reported on polycrystalline samples [9] . We have extracted and fitted the low-temperature paramagnetic tail, χ CW (T ) to a Curie-Weiss expression (the fit is shown in Fig. 2b ), and the magnitude of the effective moment 7.5×10 −2 µ B /Fe amounts to no more than 0.2% of Fe 3+ impurities in the low-spin (S = 1/2) state per mole of α-FeSi 2 . It is likely that these moments are associated with paramagnetic impurities, and that the low temperature tail is extrinsic in origin. The magnetization is plotted as a function of the applied magnetic field at 1.8, 20 and 300 K in Fig. 2c . At the lowest temperatures, the magnetization of α-FeSi 2 seems to be dominated by a nonlinear component that we have attributed to the paramagnetic impurities, as the intrinsic response is expected to be linear in field and small.
χ is almost isotropic, and is in the range 10 −6 -10
emu/mole F e . This is 100 times smaller than the values found in the Fe-pnictdes and chalcogenides [1] , but close to the values found in simple, paramagnetic metals. Fig.  2a shows a linear increase of the magnetic susceptibility with increasing temperature above T = 100 K. This feature was commonly observed among iron pnictides and has been associated with antiferromagnetic spin fluctuations [22] . However. it is also predicted theoretically for metallic systems where the Fermi level (E F ) is located in a dip in the density of states N(E F ) [23] . Indeed, in a number of transition metals (Cr, Mo, Ti [24] ) and paramagnetic intermetallics (e.g. CoSi [25] ) a linear increase in the temperature dependence of the magnetic susceptibility was also observed, although at very low temperatures an increase of χ(T ) with decreasing temperature is predicted [26] . As we will describe below, the band structure calculations find such a minimum in the density of states, indicating that the latter mechanism is the likely origin of the increase in χ(T) observed in α-FeSi 2 .
Since the Curie-Weiss contribution from magnetic impurities is negligible above 100 K, the susceptibility data from that region are fitted in Fig. 2 to the expression χ(T ) = χ(0) + A × T , where χ(0) is the susceptibility in the zero-temperature limit, with the average value of χ(0) = 3.4 × 10 −6 emu/mole-Fe, along both a and c axes. χ(0) consists of two contributions: a Pauli paramagnetic part χ(0) p , related to the density of states at the Fermi level, and χ(0) dia , arising from the diamagnetic response of the Si and Fe core electrons. Taking χ(0) dia (Si 4+ ) = −3.9 × 10 −6 emu mole −1 [27] and
−5 emu/mole-Fe. The temperature variation of the electrical resistivity ρ(T), measured with the current flowing along the a axis, is shown in Fig. 3 . The resistivity ρ decreases linearly with temperature from 372 µΩcm at 300 K to 325µΩcm at 40 K, in manner consistent with the Bloch-Grüneisen expression:
Here, the residual resistivity ρ 0 = 324 µΩcm and the Debye temperature Θ definitively metallic, the low residual resistivity ratio ρ(300K)/ρ 0 = 1.14 and the somewhat high value of ρ 0 may result from the presence of vacancies in the Fesquare net plane. Below 30 K, ρ(T) starts to increase (inset, Fig. 3 ), suggesting incipient charge localization. The temperature dependence of the molar heat capacity C p /T is depicted in Fig. 4 . No anomaly is observed for temperatures as low as 1.8 K, excluding any magnetic or structural transition. Below 15 K, C p /T is well described by the expression
where the Sommerfeld coefficient, γ= 2.0(1) mJ/ moleFe K −2 , accounts for the electronic contribution, and the second term represents the contribution of the phonons to C P , with β=13.4 × 10 −3 mJ/mole K 4 (see the inset in Fig. 4) . We use the Debye model to calculate the Debye temperature θ D = 744 K from β.
As the total heat capacity of solids in general consists of lattice, magnetic and electronic contributions, one can decompose C p into different components. In order to investigate the vibrational properties of Si and Fe sublattices, we have modelled the phonon contribution to the heat capacity by different combinations of Debye and Einstein modes [29] . The best agreement with experimental data is shown in Fig. 5 , coming from a model that assumes Si-based Debye modes that have 2 atoms per unit cell n D =2, and Einstein modes, attributed to the n E =0.83 Fe atoms per unit cell. The overall C p (T ) may then be well described with the formula:
Here, R is the gas constant, Θ D =683 K is the Debye temperature, and Θ E =266 K is the Einstein temperature. We note that the values of Θ D that were determined from heat capacity and electrical resistivity data are comparable. The inset of Fig. 5 shows the quantity C p /T 3 , to highlight that the maximum at 50 K is well reproduced by the Einstein modes represented in our fit. Similar Einstein-like modes were also inferred from fits to the heat capacity in several Fe-based superconductors [30] .
The small value of γ points to a low density of states at the Fermi level. We calculate the Wilson ratio
, which is very close to the value R W =1 that is expected for a Fermi liquid with no mass enhancement. The picture that emerges from our susceptibility, resistivity, and heat capacity measurements is that α-FeSi 2 is a very weakly correlated metal with weak itinerant paramagnetism. This suggests that α-FeSi 2 may be well described by ab initio effective oneparticle band-structure methods.
We begin the electronic structure calculations with the stoichiometric α-FeSi 2 composition using the density functional formalism within LDA. The resulting density of states (DOS) displayed in Fig. 6 is in good agreement with previous calculations [31] . The density of the 3d electrons of iron extend with shallow tails from -10 to beyond +10eV, leading to a very large bandwidth that signals a degree of charge carrier delocalization that is notably larger than in the pnictide LiFeAs [32] . The electron count of the Fe 3d states in α-FeSi 2 is 6.7 (within LDA, by orbital projection [17] ). The total density of states at the Fermi level N (E F ) is 0.9 states eV −1 per Fe, which is substantially smaller than that found for the superconductor LiFeAs (1.93 states/eV per Fe) [33] , LaOFeAs (2.0) and BaFe 2 As 2 (2.11) [33] . , the decided lack of these orbitals at the Fermi level might be at the heart of the absence of superconductivity in α-FeSi 2 .
The orbital character of the bands at the Fermi level is the result of the smaller interlayer spacing in α-FeSi 2 . In LiFeAs, the iron/pnictogen layers are separated by alkali metal ions, while the iron/silicon layers in α-FeSi 2 hybridize more strongly, which is also responsible for the very broad valence band. The calculated low density of states at the Fermi level suggests that both, superconducting or magnetic ground states are unfavourable. Indeed, our LSDA calculations that assume the stripe-like antiferromagnetic order common to the 122-pnictides [36] , find the staggered moment of α-FeSi 2 to be zero, in agreement with the absence of magnetic order.
The LDA calculations for stoichiometric α-FeSi 2 reproduce several of our experimental observations. The Sommerfeld coefficient is calculated to be γ th =
, in good agreement with the experimental value obtained for our Fe deficient crystal (2.9 mJmol −1 F e K −2 ). As noted above, the observed increase in χ(T ) with increasing temperature (Fig. 2) could, in principle, be explained if the Fermi level E F is located in or near a minimum of the density of states [23] , just as we observe in α-FeSi 2 (Fig. 6) .
The success of the LDA calculations is surprising, considering that the actual composition of our sample is Fe 0.83 Si 2 . If we assume that the deviation from stoichiometry results only in a shift of the Fermi level that leaves the underlying band structure unaffected, this iron deficiency corresponds to removing 17 % of the Fe-3d states. This would shift (dotted line, Fig. 6 ) E F 1.17 eV below the value found for stoichiometric α-FeSi 2 (solid line, Fig. 6 ). The new value of N(E F ) for Fe 0.83 Si 2 becomes 4.4 states/eV per formula unit, implying a value for γ=10.4 mJ/mole-Fe K 2 that is far in excess of the experimental value. Significantly, this new Fermi level requires a d-electron count of 5.3 electrons per iron, despite the essentially nonmagnetic character revealed in our susceptibility measurements. We conclude that this rigid band approximation fails in α-FeSi 2 .
To examine the electronic structure of α-FeSi 2 with a realistic Fe deficiency, we have performed calculations on a Fe 7 Si 16 supercell, corresponding to the composition Fe 0.875 Si 2 . The resulting total DOS is displayed in Fig.  7 . Interestingly, the introduced vacancies do not alter the overall N (E) significantly, especially in the proximity of the Fermi level. N (E F ) is in both cases almost the same, as is the electronic occupation of the 3d states per iron. The theoretical value of the Sommerfeld coefficient that results from these calculations for Fe 0.875 Si 2 , γ th = 2.5 mJ/mole F e K 2 is in very good agreement with the experimental value γ = 2.9 mJ/mole F e K 2 . Moreover, the change in the (partial) charges of the iron and silicon atoms is found to be minimal, confirming the break down of the rigid-band approximation. This preservation of the d 6 valence is also consistent with previous Mössbauer measurements on nonstoichiometric α-FeSi 2 [11] .
With this motivation, we performed additional LDA+DMFT calculations for stoichiometric α-FeSi 2 . Correlation effects are found to be small. The number of d-electrons is reduce slightly to 6.4 per iron, bringing the iron atoms closer to the nonmagnetic Fe 2+ state. The many-body effective masses, resolved into orbital characters, are shown in Table II . The mass enhancements are rather small, concurring that α-FeSi 2 is only weakly correlated. Indeed, values for LiFeAs are twice as large [18] but the mono-silicide FeSi exhibits mass enhancements that are greater by at least 20% [20] . According to Yin et al. [18] , there is a correlation between effective band mass m * and such quantities as Fe-Pn(pnictogen) distance and Pn-Fe-Pn angle in the superconducting pnictides. According to these criteria, α-FeSi 2 should be much more correlated, with band mass enhancements in order of these observed in LiFeAs. The reason why such enhancement does not take place in α-FeSi 2 is its smaller interplanar Fe-Fe distance -5.14Å, whereas typical plane separation in Fe-HTSC is in the range of 6-10Å. The presence of electronic correlations is then directly related to the more two-dimensional character of the pnictides. Fig. 8a ) together with that of undoped Fe 0.83 Si 2 . The overall shape of χ(T ) measured for Mn-doped samples resembles that observed for undoped α-FeSi 2 in that the slope of χ(T ) above 100 K is preserved. The only difference is a slight, increase of the susceptibility that corresponds to an additional temperature-independent contribution. The impact of cobalt substitution is more pronounced. The slope of χ(T ) increases drastically, and the overall susceptibility values are higher. A similar effect of Mn and Co doping is apparent in heat capacity measurements (fig. 8b) . The Sommerfeld coefficient for Mn doped samples is comparable to that in α-FeSi 2 whereas it is strongly enhanced in the Co-doped specimen.
According to Stoner[37] , the magnetic susceptibility of an itinerant system in a simple, one-band picture should follow χ = χ 0 + αT 2 , where χ 0 represents the magnetic susceptibility in the zero temperature limit and α depends on the first and second derivatives of the density of states N (E) with respect to the energy E, N (E) and N (E). While this formalism fails to provide a quantitative description of most itinerant paramagnets, it predicts the proper sign of dχ/dT . Increasing susceptibility with increasing temperature is expected for systems where the Fermi level is located at the minimum of the N (E). As for all doped samples, as well as α-FeSi 2 dχ/dT < 0 is observed above 100 K, and so we expect that the electronic structure at the proximity of the E F should be consistent with Stoner scenario. Analysis of the magnetic susceptibility, together with measured Sommerfeld ratios γ, should then give information about the shape of N (E) in proximity to the Fermi level and the N (E F ) itself. For Mn 0.08 Fe 0.74 Si 2 , the γ value is the same as observed for undoped sample (2.9 mJ/mole T ), whereas in Co 0.10 Fe 0.77 Si 2 is 3.6 mJ/mole T . These values correspond to effective densities of states of 1.25 and 1.5 states/T at the Fermi level, respectively.
In fig. 8c are shown the ratios of γ(y), χ 0 (y), χ RT (y) and A(y), i.e. the Sommerfeld coefficient, the intrinsic magnetic susceptibility at the 0 K limit, the room temperature susceptibility and dχ dT estimated from the region where χ ∝ T is observed, with their values in the undoped (y = 0) case. The increase of the magnetic susceptibility and the Sommerfeld coefficient upon Co doping is consistent with a rigid band-like shifting of the Fermi level towards a maximum in N (E) at higher energies. The increase in A reflects a drastic change in the N (E) curvature (inset, Fig. 8c ). When doping with Mn, on the other hand, γ, χ(T ) and A change very little, and the rigid-band response of electronic structure fails. Indeed upon shifting the Fermi level towards lower energies, N (E), N (E), and N (E) should all be affected. This may happen when the introduced holes are located deep below the E F or if dN (E)/d(E) ≈ const. In conclusion we propose that the introduction of holes changes the electronic structure of α-FeSi 2 only very little. T ( K ) 
IV. CONCLUSIONS
Our motivation for this multifaceted investigation, performed for the first time on well-characterized single crystals, was that this intermetallic compound shares a quasi two-dimensional structure with superconducting Fe systems and is a simple Fe-based silicide reference compound to the Fe pnictides. Although there are structural similarities, α-FeSi 2 shows a natural tendency to vacancy formation in the transition metal sublattice, together with a lack of electronic correlations. The latter feature is believed to be responsible for magnetism and superconductivity in pnictides and chalcogenides. Lack of electronic correlations is possibly due to the much lower interplanar Fe-Fe distance, and the resulting more isotropic character of α-FeSi 2 }. Broad valence bands and the non magnetic d 6 electronic configuration of Fe results in weakly temperature dependent magnetic susceptibility, metallic resistivity, low Sommerfeld coefficient and Wilson ratio close to 1. Theoretical calculations confirm this very weak paramagnetism and DMFT results suggest very weak effective mass enhancement of the charge carriers within the Fe 3d band, m * /m LDA ≈ 1.3. Although our results do not portray α-FeSi 2 as a prospective superconductor, we believe that tetralides with square Fe planes may reveal high temperature superconductivity if proper structural and electronic criteria are fulfilled.
Attention should be drawn also to the result of the supercell calculations that imply that the Fe 2+ valence is independent and protected in the presence of vacancies. We have explained that the linear increase of χ(T ) is a natural result of a dip in density of states at the Fermi level, confirmed by our LDA results. We have examined samples doped with Mn (holes) and Co (electrons), to shed more light on the electronic structure of α-FeSi 2 in proximity to the Fermi level. According to magnetic susceptibility and heat capacity data collected for these samples, light doping with Co and Mn does not tune α-FeSi 2 towards strong correlations, and even the N (E F ) for heavily ( 10%) doped samples is still relatively low. The influence of Co doping may be explained with a rigidband like shift of the Fermi level within wide minimum at the density of states towards higher N (E), whereas Mn does not change electronic state of α-FeSi 2 at all.
